Abstract: As global energy demand rises, the search for viable alternative fuel sources continues.
Introduction
Amongst the many avenues for a suitable form of cleaner energy, the idea of using the earth's heat as a self-sustaining form of energy production that could be used on a commercial scale, this is now known as geothermal energy. While still greatly unused in Australia as a commercial source, geothermal energy is proving to be rather beneficial to other countries around the world. As Australia turns to alternative energy sources and away from traditional energy reserves of fossil fuels, geothermal energy could become a contender to fill that void. nd law of thermodynamics. In the context of power generation, the 1 st law is described as follows: "The change in the internal energy of a system is equal to the change in heat and work done on or by the system". This means that for every component of the power plant, including heat pumps, exchangers, turbines, and more; there will be an associated change in the internal energy. In general, however, for a closed system: the total change in internal energy should be zero. Therefore any change addition or rejection of heat must equal the amount of work done on or by the system. This is under the assumption the energy losses in the system can be deemed negligible.
The 2 nd law in the context of power plants is defined as: "The total entropy change in a system is equal to the sum of the entropies of all its constituents and is always greater than zero" [1] . This means that entropy always increases. Entropy is a measure of the transfer of heat (energy) between a system and its surroundings at assumed to be around a common temperature. In regards to a real processes, entropy should increases with a change in time and this can be accounted for the irreversibility of this cycle. All real cycles are irreversible, and the double-flash, Kalina and ORC are no exceptions to this thermodynamic rule. Irreversibility also entails a loss in energy and thus efficiency will in a majority of cases be lower than 50% for most power generation systems. For a majority of geothermal plants, the efficiency of a system will be within the vicinity of 10%, but given that the supply of heat from the Earth is continuous; there are numerous advantages over other power generation systems such as solar and wind.
Apart from efficiency, exergy is something that is closely studied when analysing the performance of power plants. Exergy is defined as the amount of energy in a system that is available for doing work. Unlike energy, exergy can be destroyed, and is in fact destroyed every time there is a temperature change in a system. This is a direct consequence of entropy increase and irreversibility. The amount of exergy destroyed is often called anergy, and these two quantities can be used to describe how well a particular thermodynamic process or cycle utilises energy.
Basic principles behind geothermal power generation
Geothermal power plants operate under the same general principles, but their generator design determines their performance and viability of any geothermal plant rather than the location. The simplest type of geothermal plant is the dry-steam power plant, where steam from a hot underground water reservoir flows through a pipe directly into a turbine, which is in turn connected to a condenser where it is converted to water that serves as a coolant for some of the components of the plant. Depending on the design of the plant, many wells may need to be drilled to increase the mass flow rate of the geothermal fluid. Apart from this, injection wells must also be drilled in order to replenish the underground water reservoir with cold water. In this sense, the reservoir functions as a natural water heater. Rather than having use steam this being a limiting factor, modern designs seek to make the most of the heat carried by water into the plants obtaining as much energy as possible to run the power plants.
Well depth plays a major role in the energy output of various geothermal power plants. For instance, there is a considerable pressure drop between the wellhead (lowest point) and ground level, and since this pressure drop is inversely proportional to the diameter of the pipes used [2]; the deeper the well is, the larger the pipes that will be required to pump the geothermal fluid out. Shallower wells offer a significant advantage in this respect, but due to the lower temperatures of the water reservoirs, the geothermal fluid that can be extracted often comes as a mixture of two or more phases; which inhibits the use of dry-steam plant designs. Other factors that affect plant performance with respect to pipe diameter are reinjection rates, pipe friction and internal roughness, and absolute viscosity of the water.
Single-flash steam water plants in the other hand offer an alternative to regions limited to relatively shallow well depths, when the geothermal fluid is not pure steam but rather a mixture of steam and liquid water. They operate by separating these two phases using a cylindrical cyclonic pressure vessel oriented vertically with respect to the ground [2], allowing the two phases to be separated by gravity. The process whereby a pressurized liquid transitions to a mixture of water and vapour is called flashing, or partial evaporation. A single-flash system will only undergo one flashing process, whereas a double-flash system will undergo two. Depending on the conditions of the plant, the flashing may occur in different locations between the reservoir and the cyclonic vessel; but this information is often irrelevant in the thermodynamical workings of the system [2]. Pipe orientation also has an impact on the pressure-losses, as different types of flow can be encountered randomly during operation and are hard to predict analytically, and in most cases experimental trials must be conducted to make further predictions.
Geothermal power plants operate using one of two cycle categories: flash and binary. The main difference between the two is that in flash systems; the geothermal fluid comes directly into contact with the turbine (steam driven), whereas in binary systems the geothermal fluid transfers heat to a secondary fluid, referred to as a 'working fluid'; which then vaporises to drive the turbine [3] .
In general, the type of thermodynamic cycle used in the design of the power plant can significantly alter the net power output as well as the overall cost of operation. This paper will focus on the four common cycles used in the design of geothermal power plants: single-flash, double-flash, Kalina and ORC (Organic Rankine Cycle), and thus analyse the optimum temperature operating range of each based on empirical data accumulated from various sources. The single-flash cycle consists of a few basic steps. First, geothermal fluid from the reservoir is pumped to the surfaces where it passes through a cyclone separator where the liquid-vapour mixture of steam is further separated into the two phases [2] . It then passes through a series of valves before it reaches the inlet of the turbine, where it is expanded to generate electric power. From the turbine, it passes back into a condenser and then into a cooling cycle (typically air cooling) where it is fed back into the system through injection wells (see figure 1 for a simplified diagram of the process). Singleflash power plants are the easiest to build and most cost-effective, but they have a serious disadvantage in that they require a geothermal fluid to be almost pure steam, and it must be 99.995% dry before it enters the turbine [2]. Figures 1 and 2 illustrate the main differences in plant designs employing single and double-flash cycles. Both cycles depend on cyclonic chambers to separate the liquid and vapour phases of the geothermal fluid. The double-flash cycle employs two cyclonic chambers in a sequence, such that the geothermal fluid undergoes two stages of flashing. This requires the addition of an extra turbine that functions as an intermediary in the process (at a high pressure), followed by a second turbine at a low pressure that powers the generator (shown in figure 2 ). The addition of a second flashing stage allows for the extraction of purer steam with less humidity than in single-flash systems, and as a result overall plant performance is enhanced [2] . One of the drawbacks of this, however, is that double-flash plants require more equipment and maintenance, hence increasing operation costs over single-flash power plants.
Organic Rankine Cycle (ORC)
The ORC operates with a binary fluid or working fluid, usually a hydrocarbon such as isopentane. The working fluid is chosen with the desired characteristic of having a lower boiling point and latent heat of vaporization than water, as a result the liquid-vapour transition occurs at a lower temperature than the geothermal fluid, allowing for heat recovery from low temperature sources 1) Geothermal fluid extracted from the reservoir is injected into a vaporiser containing the working fluid, which turns into vapour after the heat is transferred to it. 2) The geothermal fluid then passes through a preheated where some of the residual energy is used to rise the temperature of the incoming working fluid which is injected into the vaporiser in step 1, and then reinjected into the reservoir underground.
3) The vaporised working fluid then powers the main turbine, and this is where the power generation occurs. As it passes through the turbine it is expanded, and in turn this causes a reduction in pressure in the fluid, as shown by the ideal gas equation . The low pressure fluid is fed into a recuperator to take advantage of any residual heat. 4) The working fluid is then passed through an air cooling system, after which it is transferred to the preheater for further use. An important point to take into account is that other cooling methods can also be used. In real applications however, many additional components may be required as different liquids will have different viscosities and affect various materials in any number of ways.
Kalina cycle
The Kalina cycle has long been the subject of study in geothermal energy and is now one of the most understood and efficient binary cycles to date [6] . "The Kalina cycle employs a multi-component zeotropic mixture of ammonia and water as its 'working' fluid. Although the cycle is based on an ideal Rankine vapour cycle, with additional absorption and distillation equipment required to reconstitute the mixture at the lower temperature end of the cycle". A summary of this cycle is presented as figure  4 . "The separator, 'S', allows a saturated vapour that is rich in ammonia to flow through the turbine, thus permitting a smaller and less costly turbine than for a hydrocarbon working fluid. The weak solution, liquid rich in water, is used in a recuperative preheater RPH prior to being fully condensed" [2] . As stated from DiPippo 2012; "The working fluid is a binary mixture of H2O and NH3; evaporation and condensation occur at variable temperature; the incorporation of heat recuperation from turbine exhaust; composition of the mixture may be varied during cycle in some versions" (DiPippo, 2012).
As it can be observed in figures 3 and 4, both ORC and Kalina cycles consist of the same setup and equipment, with the main difference being the type of working fluid. In most operating geothermal plants, ORC utilises pentane and isopentane, whereas Kalina uses an ammonia-water mixture with at least 70% ammonia for higher efficiency [2] . Another key difference between both binary cycles is shown in Fig.4 . with the addition of a separator unit, similar to the cyclonic chambers used in flash cycles, and this allows for the separation of the two phases in the ammonia-water fluid.
Operating conditions for possible Perth Basin (Western Australia) plants.
One of the regions currently being considered for geothermal energy production is the Perth Basin in Western Australia. This basin extends approximately 1,000 km across south Western Australia [7] . The data gathered by Sheldon et al [7] suggests that the mean temperature gradient for the Yarragadee Formation is approximately 25. C at 3 km depth; hence making this a suitable low-temperature geothermal source for domestic electricity production. The viability of this region has also been studied by Pujol et al [8] , in which it is mentioned that shallower wells within a depth range of 750 -1150 m at the Yarragadee Formation could also be used as direct-heating sources for other applications including leisure centres, outdoor pools and even house heating. However, the areas in the northern Perth Basin regions offer a better option for geothermal power generation due to its larger geothermal gradient, so this region will be the main focus of discussion in this paper to act as a situation into which of the plant designs would be the more effective and viable to use.
Methods
This meta-study was performed by accessing different open access databases such as Scopus and Google Scholar as a means of performing an unlimited search. The research conducted involved gathering actual power plant data from many different sources collected around the world. Much of this data came from countries with a high usage of geothermal resources such as New Zealand, Mexico, Iceland, Japan, USA, Turkey, Indonesia and the Philippines. From all the data and information gathered our group had looked into the best means of presenting the data in both a tabulated form (Appendix A) and a series of graph presented in our results section. Not all the data points required could be found for all the sources found, so this had to be taken into account in the analysis section. One possible reason for this, as identified by our research efforts, was that most power plants do not openly publish their performance parameters other than average yearly power production (often quoted in MWe), so most of the information that was found came from third party research articles and/or conference papers.
The analysis consisted of graphing thermal efficiency against different performance variables such as pressure, temperature, flow rate any form of data thermodynamically related. In order to look for any correlation between the data points our group had constructed a series of graphs. Points on the plots were categorized according to the type of thermodynamic cycle used by the respective geothermal plant, so as to allow for a comparison of the different cycles with respect to each variable. Only power plants for which thermal efficiency was found were taken into account, each dot point can simple be cross referenced with its data located in Appendix A.
Where plant efficiency data was not available but reservoir enthalpy (kJ/kg) was, the efficiency was estimated as the thermal efficiency (or 1 st law efficiency) using the following equation:
(1)
In a similar manner, where exergy efficiency was absent, the exergy efficiency was calculated as second law efficiency by dividing the thermal efficiency by the ideal Carnot efficiency:
(2)
Where and are the temperatures of the hot and cold reservoirs (in Kelvin), respectively. In the context of this study, was taken as the maximum reservoir temperature for the geothermal power plant, and was kept constant at room temperature 300K (which is the temperature expected in the last stage of the power station, where power is transmitted from the turbine into the electric generator).
Where net electric power output was not provided, it was taken as 50% of the maximum plant capacity for majority of cases. The reason for this choice is that throughout an annual period, geothermal power plants usually operate well below maximum capacity. These actual values fluctuate significantly with time, which explains the absence of this information in most performance reports and conference papers. The assumption of a 50% operating capacity accounts for worst-case scenario conditions that may hinder the performance of the geothermal power plant, and also takes into account the fact that theoretical efficiencies are usually overestimated with respect to real efficiencies.
Results and Discussion
The variables we decided to investigate were chosen according to how often they were quoted with respect to thermal efficiency in the literature, and included: reservoir temperature, maximum well depth, reservoir enthalpy, number of production wells (used for geothermal fluid extraction), turbine inlet pressure, and mass flow rate of the steam or working fluid. These parameters were compiled into various graphs, and from these we attempted to find any trends in the data that may suggest a correlation between these parameters and plant efficiency. This analysis included 61 plants from all over the world as a means to compare which plant design and thermodynamic cycle would be the most suitable to implement in the Perth Basin. Figures 5-10 illustrate how thermal efficiency varies with these parameters, whereas figures 11-15 show the relation between exergy efficiency and these variables. In total, 61 geothermal plants were included in the analysis. Note that not all the data compiled in this meta-study is portrayed in each graph, as some of the information was not available. As it can be observed from the above graphs, there is no direct correlation between many of the parameters investigated in conjunction with the thermal and exergy efficiency. There are no clear trends between thermal efficiency and number of production wells or mass flow rate that can be inferred from the results of this investigation. The same is true for exergy efficiency and these two variables. One possible reason for this is that total mass flow rate does not necessarily correlate with the number of wells, as can be inferred from figure 17. Furthermore, total mass flow rate is not a good indicator of plant performance because it fluctuates significantly depending on the time of the year, as well as changes in the reservoir itself and the conditions of the piping used within the plant. It would normally be expected that the mass flow rate increases with the number of wells as this usually allows for a larger volume of fluid to be transported in the same amount of time, but three key factors that were not taken into account in this study are: geothermal fluid density, pipe diameter and pipe friction. Also, wells used in the same geothermal plant often vary in depth, size and geological conditions, which makes the flow rates even less predictable. A similar lack of correlation was observed for exergy efficiency in figures 12 and 15. A few trends were noticed, however. The variation of thermal efficiency with well depth shows a steady increase in efficiency with increasing depth for both double-flash and ORC cycle power plants. For single-flash, there is little variation but the data suggests that there is a small increase in thermal efficiency with well depth, as shown in figure 5. Since there were very few Kalina power plants included in this study (partly due to the fact that not many active geothermal plants implement the Kalina cycle at present), the data within this area is currently insufficient to draw any valid conclusions from the scatter plots, so for the rest of the analysis it was disregarded altogether. The same trends were observed for the variation of exergy efficiency with well depth.
Figures 7 and 8 show that there is a steady increase in the thermal efficiency of ORC power plants with reservoir enthalpy and maximum well temperature. The other cycles do not suggest any correlation between the variables. The exergy efficiency variation with respect to these two parameters is even less suggestive of any trends, as can be observed from figures 13 and 14. Other parameters such as turbine inlet pressure provided no valid conclusive data.
It is evident that of the 61 geothermal power plants the group of able research there is not enough data for performing an analysis at this scale. At least twice as many should be used in future studies in order to guarantee more useful observations and correlation among the data. In light of these results, it is not possible to make any concrete recommendations for the design or construction of a geothermal power plant in the Perth Basin, Western Australia.
Conclusions
The study hereby presented investigated the thermal and exergy efficiency of 61 geothermal power plants from around the world with respect to parameters such as well depth, reservoir enthalpy, well temperature, number of wells, turbine inlet pressure and mass flow rate. From the research performed, no useful trends could be found for most of the variables involved. Thermal and exergy efficiency only seem to increase with well depth, and this is only true for ORC and double-flash cycles. The results from this study suggest that well depth may be a good indicator of efficiency in ORC and double-flash geothermal power plants, but the same cannot be said for single-flash and Kalina.
There are several reasons why the analysis may have failed to encounter more data correlation between the variables investigated. Firstly, a lot of data points were missing in all the variables (e.g. mass flow rate, well temperature). Some of this information was simply unavailable for some of the power plants researched, or perhaps was never published in official journals or conference papers. This had a huge impact in the results as some of this missing data was necessary for calculating theoretical values for thermal and exergy efficiencies (as can be seen in Appendix A). As a result, less than 50 of the 61 geothermal power plants had a relatively complete set of data for the parameters we had set to research into. Another possible reason for not encountering enough trends is the fact that there are a lot more variables that affect the performance of the plant for each of the variables investigated. For instance, fluid density, pipe diameter and pipe friction (or roughness) all play a key role in determining the maximum mass flow rate that is attainable in a particular system, irrespective of the thermodynamic cycle being used. And finally, all the power plants investigated had completely different sizes and relatively different operating conditions due to geographical locations; and this may have had an impact on the results as well.
In conclusion it can be said that the parameters studied in this paper do not have a direct impact on the efficiency of geothermal power plants. There are many more variables that must be taken into account, and quantifying the overall performance of a geothermal power plant is a very difficult task as sometimes there may be more than 20 steps involved, and in each there may be significantly different processes happening. This suggests that overall power plant performance is not additive, and that individual processes must be studied for a much more accurate analysis.
From taking into account the data presented in this report into the various parameters that would affect a geothermal plant, we as of yet cannot establish the most viable option for a geothermal plant to be implemented in the Perth Basin. Until a larger association of plants have published results for the various designs currently being implemented; the design of new geothermal plants will still require a lot of experimentation on the specific geothermal regions. 
